Genetically obese and lean pigs were fed isonitrogenous-isoenergetic (digestible energy) amounts of a high or low fat diet from 25 kg body weight. Obese pigs gained less and required more feed per unit gain than lean pigs. Lean pigs were more muscular with less fat than obese pigs. Obese pigs utilized more dietary amino acids for energy (greater plasma urea N) than did lean pigs. Weight gain was similar at all intermediate periods in obese pigs fed the two diets. However, gain tended (P<.10) to be greater and the ratio of dietary energy intake to gain tended (P<.IO) to be less in obese pigs fed high compared with low fat diets. Similar results were observed in lean pigs fed the two diets. The high fat diet produced more carcass adipose tissue deposition in both strains after 20 wk of feeding (detectable by ultrasound at 14, but not at 7 wk). Adipose tissue lipogenic rate (glucose incorporation) was similarly depressed by fat feeding in both obese and lean pigs. Obese and lean pigs both utilized dietary carbohydrate and fat differentially but there was no indication of genetic divergence 1A preliminary report of some of these data was presented at the Joint Annu.
Introduction
Genetically obese and lean swine may be useful models for adipose tissue deposition in growing contemporary pigs or as a model for human obesity. Hetzer and Harvey (1967) developed obese and lean strains of swine by selection for thick or thin backfat for about 18 generations. The divergence of carcass composition in the original strains during selection was established (Hetzer and Miller, 1973) , as was the compositional difference between the obese and lean pigs at young ages (Davey and Bereskin, 1977) . Some nutritional requirements were studied also. The more muscular lean pigs had a greater protein requirement than did less muscular obese pigs (Davey and Bereskin, 1978; Pond et al., 1980) . Energy restriction (Davey et al., 1969) reduced the amount of carcass fat in both obese and lean pigs. Feed restriction accomplished by feeding a diet 20% in alfalfa (Pond et al., 1981) tended to reduce the fat deposition in lean but not obese pigs when they were examined at constant weight. High compared with low fat diets fed ad libitum to obese and lean swine suppressed several adipose tissue lipogenic enzyme activities in both types of pigs (Steele and Frobish, 1976) .
The variety of nutritional experiments with genetically lean and obese pigs have not critically contrasted utilization of carbohydrate and fat as energy sources because dietary intake was not isoenergetic or isonitrogenous. Consequently, this study was designed to ascertain the effect of high and low fat diets fed at isoenergetic (digestible energy) and isonitrogenous Accepted August 12, 1983 . levels on growth and body composition 894 JOURNAL OF ANIMAL SCIENCE, Vol. 58, No. 4, 1984 bThe trace mineral premix provided the following, in mg per kg of diet: Cu (as cupric oxide), 10; Fe (as ferrous sulfate heptahydrate), 160; Mn (as manganese oxide), 20; Zn (as zinc oxide), 100; CaCO 3 (as ground limestone) was used as a carrier (.3% of the diet).
CGross energy (GE) was obtained by bomb calorimetry. dCalculated digestible energy (DE). Caloric density was 14.4% greater in the high than in the low fat diet (3.864/3.379). ecalculated dietary protein.
variables, serum variables and adipose tissue lipogenic capacity in genetically obese and lean pigs.
Materials and Methods
Obese and lean pigs were females and males from inter se matings of crossbreds produced by within line matings of purebred Duroc and Yorkshire pigs selected for either maximal or minimal backfat thickness (Hetzer and Harvey, 1967) . Six pigs, three female and three male, per genetic strain (obese or lean) were selected at about 25 kg body weight and were fed either a low or high fat diet (table 1) . The pigs were penned individually in an environmentally controlled building and fed once daily at 0800 h. One pig of a genetic strain was fed the low fat diet at levels estimated to approach ad libitum S Enzymatic BUN. Gilchem | single vial reagent system for BUN. Gilford Diagnostics, Cleveland, OH 44135. intake (amount reduced when feed remained the next day). It was paired with another pig of the same genetic strain and sex that was fed an isoenergetic-isonitrogenous amount of the high fat diet (based on calculated digestible energy and protein content of the diets). The amount of high fat feed presented was about 86% the amount eaten by the paired pig fed the low fat diet (calculated digestible energy and protein of the high fat diet was about 114% that of the low fat diet; table 1).
Live weights were obtained weekly and were summarized for wk 0, 7, 14 and 20 of the study. Blood samples were obtained at 0, 7, 14 and 20 wk of the study by venipuncture of the anterior vena cava, using heparin as an anticoagulant. Concentration of plasma free fatty acids (Mersmann et al., 1975) , cholesterol and triglyceride (Pond et al., 1981) and urea N s were determined.
Ultrasonic scans were obtained at one-fifth, one-half and three-fourths body length at wk 0, 7 and 14 of the experiment (Mersmann, 1982) . Longissimus muscle area was measured at one-half body length. Backfat areas were traced from the photographs containing the ultrasonic data. They were defined by a perimeter composed of the backfat depth over the vertebral column, the backfat depth lateral to the vertebral column, the skin and the interface of adipose tissue and muscle. At one-fifth and three-fourth body length, the lateral backfat depth was 3.8, 4.5 and 5.1 cm lateral to the vertebral column at 0, 7 and 14 wk, respectively. At one-half body length, the lateral backfat depth was three-quarters the lateral distance over the longissimus muscle.
Carcass measurements were made on the cold right half of the carcass. Subsequent fabrication of the carcass was into six rough cuts; loin, ham, Boston shoulder, picnic shoulder, belly and trim. The loin, ham, butt and picnic were trimmed of all subcutaneous fat and finally were deboned. For brevity, not all data were presented for weights of these cuts at the stages of fabrication.
Two subcutaneous adipose tissue samples were obtained from the dorsal neck region of each pig at wk 14 of the study with a spring loaded biopsy gun . The tissue samples were placed in room temperature (18 to 23 C) .9% NaC1. A within pig pool of tissue slices (.3 mm) was prepared and both lipogenesis and lipolysis were measured.
Lipogenesis and CO2 production from [14C-U]glucose were determined in a medium of Krebs-Ringer bicarbonate buffer, 20 mM glucose (.5 /~Ci of [14C-U]glucose and 100 mU porcine insulin/ml. A sample of slices from the pool weighing a total of 100 mg was incubated in a final volume of 3 ml at 37 C for 120 rain in a shaking water bath (90 strokes/rain) in sealed flasks under an atmosphere of 95% O2-5% CO2. The reactions were in quadruplicate. They were stopped with H2504, the CO2 was trapped in a suspended center well and the total lipid was extracted from the tissue plus medium with chloroform-methanol. The radioactivity in CO2, total lipid and, after saponification, glyceride-fatty acids and glyceride-glycerol were determined. Detailed methods were described previously .
6 Sigma Chemical Co., St. Louis, MO 63178. 7Coulter Counter, Model ZBI coupled with a logarithmic range expander and a channelyzer, Coulter Electronics Inc., Hialeah, FL 33010.
Lipolysis was measured by incubation of a sample of adipose tissue slices from the pool weighing a total of 100 mg. Sealed flasks under an atmosphere of 95% 02-5% CO2 were shaken (90 strokes/min) at 37 C for 90 min. The medium (3 ml total volume) was Krebs-Ringer bicarbonate containing 4% fatty acid poor Fraction V bovine albumin 6, 5.56 mM glucose and .57 mM ascorbate. The nonstimulated or basal lipolytic rate was measured in triplicate in the above medium, whereas the stimulated rate was measured in triplicate in the presence of 10 -4 M epinephrine bitartrate plus 10 -3 M theophylline. The lipolytic rate was assessed by extraction and titrimetric determination of the fatty acids released to the medium. Detailed methods were described previously (Mersmann et al., 1975) .
Adipocyte number and size were determined with a particle counter 7 using osmium fixed tissue slices treated with urea to free the cells (Scott et al., 1981) . Particles />20/am diameter were included in the sample.
The design of this experiment was 23 factorial and included genetic strain, diet and sex. The data were subjected to analysis of variance (SAS, 1979) . Although significant sex effects were observed for some variables they were not segregated in the tables because the animal numbers were small and sex effects were not of interest in the study.
Results and Discussion
At each period of summarization, obese pigs gained the same weight when pair-fed a high and low fat diet at isoenergetic and isonitrogenous levels (table 2) . There was a trend (P~<.10) toward greater weight gain by the obese pigs fed the high fat diet when analyzed over the entire 20 wk experiment. At each time perod, the feed consumed was less (P~<.10 at wk 1 to 7 and 15 to 20) for the high than low fat diet because one obese pig of the pair was fed the high fat diet at about 86% the amount of low fat diet consumed by the other obese pig of the pair. This design kept the intake for the pair approximately isoenergetic and isonitrogenous. The ratio of gain to feed intake was greater in high than low fat fed obese pigs at all ages because of this design. The ratio of energy intake to gain over the entire 20 wk tended (P~.10) to be slightly greater in the low than high fat fed obese pigs because the gain tended to be greater in the latter than former group. bstatistical significance at P~<.05 unless indicated: G = genetic strain effects; D = diet effects; S = sex effects (not tabulated).
CFeed consumption (wk 1 to 20, kg) X calculated gross energy content of diet (kcal/kg, table 1)/gain (wk 1 to 20, kg).
Lean pigs were heavier than obese pigs at the end of the experiment (wk 20) and gained more over wk 1 to 20 (table 2) . However, there were no interactions between genetic strain and diet so the growth patterns were similar in lean and obese pigs. Lean pigs fed the low or high fat diet weighed about the same at each period of the experiment but overall (wk 1 to 20) the high fat fed lean pigs tended (P~<.10) to gain more than the low fat fed lean pigs. Because of the experimental design, feed intake was less (P<.10 at wk 1 to 7 and 15 to 20) and the ratio of gain to feed intake was greater in high than low fat fed lean pigs, as discussed for the obese pigs. Also, the ratio of energy intake to gain (wk 1 to 20) tended (P~<.10) to be greater for the low than high fat fed lean pigs because lean pigs eating the latter diet tended to gain more. Lean pigs gained more than obese pigs, but did not eat more, so the ratio of gain to feed intake was greater for lean than obese pigs when fed either diet. Lean pigs from this genetic selection had greater gut length and mass than obese pigs (Pond et al., 1981; Koong et al., 1983; Pekas et al., 1983) . The greater gut mass may provide the mechanism for increased growth in lean compared with obese pigs when feed intake is similar although found similar digestibility of dietary energy and nitrogen in lean and obese pigs.
There were some sex differences in the growth data. Males had greater ratios of gain to feed intake than did females at wk 7, 14 and overall. Males had lower ratios of energy intake to gain than females. At wk 7 there was a significant diet • sex interaction for ratio of gain to feed intake; obese and lean males had greater ratios than did females only when fed the high fat diet. There was a genetic strain • sex interaction for feed intake at wk 20; males consumed less feed than females for the obese pigs but not for the lean pigs.
Obese pigs were considerably farter than lean pigs at several anatomical positions at the initiation of the experiment (about 10 wk of age) and at all times thereafter (tables 3 and 4). The longissimus muscle area was greater in the 25-kg obese than lean pigs (wk 0). At 7 and 14 wk, this muscle area was about the same in the two genetic strains whereas at 20 wk, the longissimus muscle of the lean pigs had a greater area than that of the obese pigs (tables 3 and 4). Greater muscle area early in the study in obese than lean pigs may represent earlier maturation of body composition in the former than latter strains. In 20-kg obese and lean pigs of the parental strains longissimus muscle areas were about equal (Davey and Bereskin, 1977) .
Carcasses of obese pigs were shorter, fatter, less muscular and contained less skeletal mass (as indicated by bone trimmed from rough cuts) than carcasses of lean pigs at the termination of the study (table 4) . Previous studies on obese and lean pigs indicated similar results (Davey et al., 1969; Hetzer and Miller, 1973; Davey and Bereskin, 1978; Pond et al., 1980 Pond et al., , 1981 . Carcass weights were similar in the two groups (table 4), even though the live weights (table 2) were different (obese < lean). There was less muscle mass in obese than in lean pigs, as indicated by the trimmed lean cuts or by the trimmed, deboned cuts (table 4). Sex effects were as expected; males had less backfat and less fat trim, greater muscle mass (as expressed in the lean cuts) and greater bone mass (as expressed in the trimmed bone) than did female pigs.
As indicated by backfat depth and fat trim (table 4), pigs of the same strain fed the low compared w~th high fat diet at isoenergetic and isonitrogenous levels deposited less fat. Additional evidence was provided by the trend (P<.10) for lean cuts to be less in high than low fat fed pigs. The differential fat deposition was detectable ultrasonically at 14 wk (table 3) at some anatomical locations. In rodents, diets containing large amounts of fat generally resuited in more adipose tissue deposition than diets containing large amounts of carbohydrate, although most investigators did not feed iso- energetic amounts of diets (for example, Schemmel et al., 1973) . In rats (Schemmel et al., 1972) or mice (Geiger and Canolty, 1978) fed equal energy from high fat or high carbohydrate diets, rodents fed high fat diets deposited more carcass fat than rodents fed high carbohydrate diets.
This obese strain of pigs was not hyperlipemic compared with the lean strain or with contemporary pigs (Pond et al., 1981; Mersmann et al., 1982) . There were minor differences in some plasma lipids between obese and lean pigs in the current study. The free fatty acid concentration was greater in obese than lean pigs at the beginning of the experiment but not at wk 7 and thereafter (table 5). Because plasma free fatty acids were not previously measured in these strains of pigs during growth, the ontogenic pattern is unknown. The decrease in free fatty acid levels with age (table 5) was observed in contemporary swine (H. J. Mersmann, unpublished data). Free fatty acid levels were not different between pregnant sows of the obese and lean strains . Trigtyceride concentrations were slightly different between genetic strains at some times of the experiment and cholesterol concentrations were similar (table 5) . The high fat diet produced greater cholesterol concentrations than the low fat diet but the differences were not marked (table 5) . Growing pigs fed high fat diets of about 10 to 15% fat did not show marked increases in plasma lipids even though there were statistically significant increases in triglycerides, cholesterol or free fatty acids in a particular study (Mersmann et al., 1976; Steffen et al., 1978; W. G. Pond, unpublished data with the lean and obese strains used in this study). Female pigs had slightly greater cholesterol levels than male pigs at wk 14 and 20 of this study (data not indicated).
Plasma urea N was greater at 14 and 20 wk in obese than in lean pigs, regardless of diet (table 5). The lesser muscle mass (Davey and Bereskin, 1978; Pond et al., 1980) and lesser gut mass (Pond et aI., 1981; Koong et al., 1983; Pekas et al., 1983) of obese compared with lean pigs of these strains probably reduced the protein requirement of obese pigs. Consequently, more amino acids were utilized as energy sources by obese than by lean pigs, which resuited in greater plasma urea N concentrations in the former than latter strains.
Glucose oxidation and incorporation into lipids by adipose tissue was suppressed by intake of the high fat diet compared with the low fat diet in both genetic strains of pigs (table  6 ). The overall rates in tissue from pigs fed the high fat diet were 30 to 40% of those exhibited by tissue from pigs fed the low fat diet. Furthermore, about 75% of the carbon incorporated was in the fatty acid moiety in tissue from low fat-fed pigs, whereas only about 45% was incorporated into fatty acids in tissue from high fat-fed pigs. The glucose incorporated into glyceride-fatty acids was reduced from approximately 300 to 80 (average across both strains) gtmol'106 cells-l'120 min -1 by feeding the high fat diet. The glucose incorporation into glyceride-glycerol did not markedly change; approximately 100 and 70 gtmol glucose~ cells-1"120 min -1 were incorporated for the low and high fat diets, respectively (averaged across strains). Suppression of de novo fatty acid synthesis by dietary fat was demonstrated in the parental strains of these lean and obese pigs as indicated by adipose tissue enzyme activities (glucose 6-phosphate dehydrogenase, malic enzyme, citrate cleavage enzyme and 6-phosphogluconate dehydrogenase) associated with fatty acid biosynthesis (Steel and Frobish, 1976) . Because the pigs were fed diets ad libitum (Steele and Frobish, 1976) , suppression of de novo synthesis may not have resulted from dietary fat per se. The controlled feeding in the present studies indicates the role of dietary fat. Previous studies demonstrated suppression of lipogenesis by high fat diets in contemporary pigs (Allee et al., 1971; Waterman et al., 1975; Mersmann et al., 1976; Steffen et al., 1978) .
There was no detectable difference between genetic strains in either the basal or stimulated lipolytic rate in adipose tissue and there was no effect of diet (table 6). The only published report for adipose tissue lipolytic activity in these obese and lean strains of swine also indicated no detectable difference in the basal lipolytie rate between obese and lean pigs fed a low fat Cnmol glucose incorporated into CO 2 or total lipid" 106 cells-~ 9 120 min -I . dValues in parentheses represent high fat diet/low fat diet • 100 within strain. eobese and lean strains both incorporated >70% of carbon into glyceride-fatty acids when fed the low fat diet whereas both strains incorporated <45% of carbon into glyceride-fatty acids when fed high fat diet.
fmol fatty acid released. 106 cells -1 9 120 min -1. Net stimulated lipolysis is the rate measured in the presence of 10 -4 M epinephrine and 10 -3 M theophylline minus the basal or nonstimulated rate. diet (Scott et al., 1981) . There are no published reports of stimulated lipolytic activity for these strains of pigs.
Average adipose cell diameter was similar in obese and lean pigs, although there was a tendency (P~>.10) for cell size to be greater in obese than in lean pigs when fed the high but not the low fat diet (table 6). Previous studies indicated larger adipose tissue cells in obese than lean pigs of the same genetic background (Steele et al., 1974; Scott et al., 1981) . The unexpected similarity of adipocyte size in the two strains in the present study may reflect the slightly less than ad libitum feeding and(or) the anatomical site chosen for biopsy. Animals fed the high fat diet had larger cells than those fed the low fat diet regardless of genetic strain (table 6) . Direct measurement of cell number by the particle counter did not indicate any statistical difference between breed or diet groups (table 6) .
Extrapolation of the measured lipogenic or lipolytic rates to a total body basis would greatly separate the adipose tissue metabolic activity between the obese and lean strains. If the rates measured in the subcutaneous depot of the neck (table 6) were representative of all depots (probably not valid) and the dissectible fat contents of the carcasses were representative of the total carcass depot far (may or may not be valid), then the obese pigs had much greater total anabolic and catabolic activity in adipose tissue than the lean pigs.
The present studies established the preferential utilization of equienergetic amounts of dietary fat compared with dietary carbohydrate for carcass adipose tissue deposition. There was no detectable divergence between the genetically lean and obese swine in this regard, nor did there appear to be any divergence in the regulation of adipose tissue de novo fatty acid synthesis by dietary fat. Neither genetic strain was hyperlipemic when fed a high fat diet. The propensity to fatten in the obese strain could not be attributed to preferential utilization of dietary carbohydrate or fat for energy deposition.
